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Received: 21 May 2010 / Accepted: 24 November 2010 / Published online: 5 December 2010

� Springer Science+Business Media, LLC 2010

Abstract Implant-related infections are a serious com-

plication in orthopaedic and dental surgery resulting in

prolonged hospitalization, high medical costs and patient

mortality. The development of porous implants loaded with

antibiotics may enable a local delivery for preventing

surface colonization and biofilm formation. A new gener-

ation of bio-derived porous ceramic material that mimics

hierarchical structures from Nature was evaluated. Silicon

carbide ceramics derived from Sapelli wood (bioSiC) were

obtained by pyrolysis of Entandrophragma cylindricum

wood followed by infiltration with molten silicon. This

process renders disks that keep the bimodal pore size dis-

tribution (3 and 85 lm) of the original material and are

highly cytocompatible (BALB/3T3 cell line). The ability of

the bio-ceramic to load the antimicrobial agent vancomycin

was evaluated by immersion of disks in drug solutions

covering a wide range of concentrations. The disks released

at pH 7.4 an important amount of drug during the first 2 h

(up to 11 mg/g bioSiC) followed by a slower release,

which is related to the presence of macro- and mesopores.

Finally, the anti-biofilm effect against methicillin resistant

Staphylococcus aureus was assessed and a considerable

reduction (92%) of the bacterial film was observed. Results

highlight the bioSiC potential as component of medicated

medical devices.

1 Introduction

After roughly 100 years of clinical use of ceramics in

dentistry and orthopaedics, there is still a need for novel

biomaterials. Chevalier and Gremillard [1], in their recent

and extensive review on ceramics for medical applications,

stated the imperative need for obtaining novel, tough and

stable materials (with special mention to non-oxide

ceramics as silicon carbide or silicon nitride) as orthopedic

material candidates. Additionally, these authors pointed out

the interest of developing those new materials through a

biomimetic approach. Huebsch and Mooney [2] emphasize

that there is a considerable body of research on the

importance of physical variables, including topological and

mechanical properties of biomaterials, in guiding a bio-

logical response. Some materials originated from living

organisms, as bones, have outstanding properties due to

their inorganic nature but also to their complex structural

organization. To achieve a synthetic material that matches

to bone, one has to take care of both these aspects. Bones

are made up of a collection of materials built out of a

common basic building block, the mineralized collagen

fibril, that can be arranged in different patterns. All forms

of bone possess mechanical strength and toughness out of

reach from its constituent materials [3]. Numerous attempts

have been made to mimic the structure of bone [4–6].

Highly porous calcium phosphate ceramic scaffolds or
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organic–inorganic composites are well known examples

that have been used successfully [7], but none of them

simultaneously combined the microscopic and macroscopic

structure of the bone. Mimicking bone structure continues

to be a challenging task.

Bio-derived silicon carbide based ceramics (bioSiC),

obtained by Si-melt infiltration of carbonaceous scaffolds

derived from wood templates have been proposed as new

engineering ceramic materials with potential use in bio-

medical applications [8, 9]. As a result of the evolution,

wood combines a good balance between resistance/weight

ratio and fluids circulation. BioSiC are non-oxide ceramics

that keep the complex natural structural organization of

wood, resembling to a certain extent that of bones. Bio-

compatible bioSiC can be produced with low cost, near-

net-shape and adequate mechanical properties [8–10]. The

possibility of varying the wood cellulosic preforms and/or

the process variables makes the bioSiC approach extremely

versatile and allows to tailor microstructures resulting in

materials with different densities, morphologies, pore size

distributions, levels of anisotropy, mechanical strength, etc.

[8] and, thus, potentially useful as candidates for the

development of orthopedic and dental implants.

Bone infections are typically caused by bacteria intro-

duced from trauma, surgery, implant use, or by direct

colonization from a proximal infection or via systemic

circulation. Postoperative osteomyelitis is still an important

problem in orthopedic and dental surgery [11]. The bac-

terial biofilm, extremely resistant to both the immune

system and antibiotics, is considered the primary cause of

implant-associated infection. During the first 6 h after

surgery, an implant is particularly susceptible to surface

colonization and biofilm formation [11]. Efficiency of the

systemic treatment of osteomyelitis is limited by the dif-

ficult access of the antibiotic to the infection site [12, 13].

The use of implants loaded with antimicrobial agents is a

promising approach to prevent post-operative infections

[14]. The effectiveness of the antibiotic/device combina-

tions is strongly dependent on the mechanism and the rate

of drug release [15]. Sub-inhibitory drug concentrations

(i.e., those below the minimal inhibitory concentration)

does not prevent the formation of a microbial biofilm and

may even exacerbate complications or induce resistance in

wound-site bacteria. An initial ‘‘burst’’ release from the

device may sufficiently reduce the likelihood of the pri-

mary biofilm infection and, as a consequence, improve the

prophylaxis against infection and speed-up the patients

recovery. Recent studies have demonstrated that micropo-

rous materials may be particularly useful as drug-eluting

implants. Porous hydroxyapatite enables more absorption

and longer antibacterial activity (up to 2 days) in vitro than

dense hydroxyapatite (only 12 h) [16]. On the other hand,

mesoporous silica with a highly regular nano-porous

structure and a vast surface area provided controlled

release and an excellent protection for the loaded guest

molecules [17].

The aim of the present work was to evaluate the

potential of a bioSiC from Sapelli wood for the loading and

the release of vancomycin in order to prevent local bac-

terial infections, including biofilms formed by methicillin

resistant Staphylococcus aureus (MRSA). To the best of

our knowledge the suitability of bioSiC as drug delivery

system has not been evaluated yet. Vancomycin is a highly

soluble ([100 mg/ml) antimicrobial agent, which is usu-

ally administered systemically after bone surgery to pre-

vent bacterial infection because of its broad spectrum and

particular efficiency against staphylococci [18, 19]. First,

the porosity and topography of the bioSiC was character-

ized in detail in order to confirm the mimicking of the

smart hierarchical structure of the tree template. Cyto-

compatibility and cell conductive properties were then

tested. Finally, the ability of bioSiC to load vancomycin

and to prevent the biofilm formation was evaluated and

related to the particular hierarchical structure of the disks.

2 Materials and methods

2.1 Bio-inspired silicon carbide

Pieces of bioSiC were obtained from transversal cuts of

Sapelli wood (Entandrophragma cylindricum). The bio-

ceramization process consisted of drying the wood at 60�C

for 24 h, after which pieces were subjected to pyrolysis up

to 800�C in an inert atmosphere with well controlled

heating and cooling ramps. Finally, the carbon preform

obtained was infiltrated with molten silicon at 1,550�C in

vacuum for 30 min [9]. The final material was cut to obtain

disks of Ø 6 mm 9 2 mm.

2.2 BioSiC characterization

The microstructure and topography of bioSiC disks were

evaluated by Scanning Electron Microscopy (SEM Philips

XL 30), Interferometric Profilometry (WYKO NT-1100)

and Confocal Laser Scanning Microscopy (CLSM Bio-Rad

MRC 1024). The material density was determined, by

triplicate, using a helium-air pycnometer (Quantacrome

Mod. PY2, USA). The pore size distribution was evaluated

by mercury intrusion porosimetry using a Micromeritics

Autopore IV 9500 (Norcross, GA, USA) fitted with a 3-ml

penetrometer for solids. The working pressures covered the

range 0.6–2.5 9 104 psi. The specific surface area was

evaluated by the Brunauer–Emmett–Teller (BET) method

[20] which involved the determination of the amount of the

adsorptive gas (N2 in this case) required to cover the
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external and the accessible internal pore surface of the

material with a complete monolayer. The disks were

degassed by heating at 60�C and 10-3 mm Hg. Then,

samples were exposed to N2 gas at 77 K and 0.01–0.98

relative pressure on an automatic surface area analyzer

(Micromeritics ASAP 2000, USA). The BET surface area

(SBET) was calculated from the isotherms according to the

BET equation: SBET (m2 g-1) = 4.37 Vm (cm3 g-1),

where Vm is the volume of nitrogen necessary to form the

monolayer.

2.3 Cell viability test

The in vitro cytocompatibility of bioSiC disks was tested,

in triplicate, by using a BALB/3T3 cell line (CCL 163,

ATCC, USA), according to the 10993-5 protocol of the

International Standardization Organization (ISO). A cell

suspension of 200,000 cells/well in 2 ml of DMEM

(GIBCOTM), supplemented with 10% fetal bovine serum

(FBS) and 1% gentamicine, was added into a 24-well plate.

Then bioSiC disks were placed in the wells and the plate

was incubated at 37�C for 24 h in 5% of CO2 and 90% of

relative humidity environment. A control (cells without

bioSiC disk) was treated in the same way. The bioSiC

samples were collected and dyed in order to assess live/

dead populations by means of a calcein/propidium iodide

staining using confocal microscopy (Confocal Spectral

Microscopy Leica TCS-SP2 LEICA, Wetzlar, Germany).

To calculate their ratio (viability), live and dead popula-

tions were counted by using a light microscope (Optiphot2,

Nikon, Japan) with green and red filters and Image Anal-

ysis software (Soft Imaging System GmbH, Version 3.2

Build 0.607). Cells remaining adhered to the tissue culture

polystyrene (TCP) well were trypsinized and centrifuged.

The pellet was resuspended with cell culture medium,

cytospinned onto a glass slide, and dyed with calcein and

propidium iodide.

2.4 Vancomycin loading

The high solubility in water of vancomycin enabled the

loading of this antimicrobial agent into bioSiC disks by a

simple immersion in 3 ml of drug aqueous solutions with

concentrations ranging from 0.05 to 42.5 mg/ml. The disks

were left in the drug solution for 24 h with mechanical

shaking. Vacuum (75 mm Hg) was applied for the first 2 h

to eliminate the air from the pores of the pieces and to

promote the flux of drug solution into the disks. The

amount of vancomycin loaded in each disk was calculated

as the difference between the initial and the final concen-

trations in the surrounding solution, determined by UV

spectrophotometry at 280 nm (Agilent 8453, Böblingen,

Germany). All the experiments were carried out in

duplicate. Drug-loaded disks were desiccated at 40�C until

constant weight. BioSiC material loaded with vancomycin

was evaluated as it was indicated above.

2.5 Vancomycin release

Dried drug-loaded disks were transferred to vials contain-

ing 3 ml of phosphate buffer (PBS) pH 7.4 at 37�C and

kept under mechanical shaking. Samples of the release

medium were withdrawn at regular intervals and returned

to the vial immediately after their drug concentration was

measured spectrophotometrically at 280 nm. Water uptake

by the disks was monitored in parallel to the release tests

by placing of dried disks in a Gay-Lussac pycnometer

(Afora, Spain) and weighing the pycnometer at different

times after filling with water.

2.6 MRSA biofilm formation

BioSiC material and vancomycin-loaded bioSiC disks,

prepared by immersion in 42.5 mg/ml of drug solution

during 24 h, were subjected to this microbiological study

by using a clinical MRSA isolate. This bacterial isolate

(recovered from a patient at the Ghent University Hospital,

Ghent, Belgium) was grown on Tryptic Soy Agar (TSA)

(Oxoid, Drongen, Belgium) at 37�C. MRSA biofilms were

formed in two different model systems. First, MRSA bio-

films were formed in the Modified Robbins Devices

(MRD), as described previously [21]. In this system,

growth medium is continuously replaced. Secondly, bio-

films were formed on drug loaded-bioSiC disks using

24-well microtiter plates (MTP, Trasadingen, Switzerland).

To this end, disks were placed in 1 ml MRSA suspensions

with a density of appr. 106 CFU/ml (in 1:5 diluted Tryptic

Soy Broth, TSB) for 1 h. Subsequently, disks were gently

rinsed with 0.9% (w/v) NaCl to remove non-adherent cells

and were placed in 1 ml diluted TSB for an additional 24 h

at 37�C. To quantify the biofilm formation in both methods

the MRD and MTP, each disk was transferred to test tubes

with 10 ml 0.9% (v/w) NaCl and the tubes were subjected

three times to 30 s of sonication (Branson 3510, 42 kHz,

100 W, Branson Ultrasonics Corp., Danbury, USA) and

30 s of vortex mixing to detach the biofilm from the disks.

Using this procedure all cells were removed from the disks

and clumps of cells were broken apart. Sessile S. aureus

cells were platted on TSA, and incubated at 37�C for 48 h.

Finally, the number of colony forming units (CFU) per disk

was calculated by counting colonies on the plates. All

experiments were carried out on at least 3 disks for each

composition. The Student t test was used to evaluate the

efficacy in reducing cell colonies and the differences

between MRD and MTP methods.
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3 Results

Processing variables during bioSiC production may affect

the interconnected microstructure of the wood template.

Morphological characterization of bioSiC was carried out

by SEM micrographs (Fig. 1) that evidenced the particular

porous microstructure of the Sapelli tree. Macropores

(*80 lm) in groups of two or three, characteristic of the

Sapelli tree (A), can be seen at the surface of the cross

section of bioSiC. More in detail (B) a second population

of mesopores (less than 10 lm) at the surface of the

material can be noticed, with the silicium carbide crystals

making the structure up (C). The walls of the vessels were

maintained after infiltration giving a ceramic material with

pores unidirectional connected, as it can be noted at the

longitudinal section (Fig. 2) characterized by interfero-

metric profilometry (A) and confocal laser scanning

microscopy (B).

Microstructure was also confirmed from mercury intru-

sion porosimetry measurements (Fig. 2). Results evidence

a total intrusion volume was 0.243 ± 0.005 ml/g and a

total porosity of 41.49 ± 0.05% with a bimodal pore size

distribution (Fig. 3) including macropores (mean diame-

ter ^ 85 lm) and mesopores (mean diameter ^ 3 lm).

Quantitative differences in the micro structural properties

between vancomycin loaded and unloaded bioSiC

disks could not be established using mercury intrusion

porosimetry.

The nitrogen adsorption analysis confirmed the absence

of microporosity and allowed the estimation of specific

surface (1.198 ± 0.005 m2 g-1).

The ability of bioSiC disks to sustain cell attachment

and growth was assessed by an in vitro biocompatibility

test following ISO 10993-5 procedure. The assays were

conducted using Balb cell line. After 24 h in contact, a

homogeneous well distributed layer of living cells and a

significantly smaller amount of dead cells on the top of the

bioSiC disks can be observed (Fig. 4). The ratio between

living and dead cells was used to calculate the viability of

cells on the disk. The obtained values were 79.9% (sd 13.1)

on bioSiC disks, 98.0% (sd 1.9) on the TCP from the wells

and 86.2% (sd 15.3) for the control group. Vancomycin

loaded bioSiC were also tested to assure in vitro biocom-

patibility achieving a percentage of viability of 95.8%

(sd 6.0).

Figure 5 shows the adsorption curve of vancomycin on

bioSiC material which relates the concentration of the

solute on the adsorbent (mg vancomycin per gram of dried

material) to the concentration of the solute in the sur-

rounding solution at the equilibrium. The shape of the

adsorption curve can be classified as Class S according to

Giles and coworker classification [22]. At the highest

loading concentration studied (6 mg/ml) a significant

amount of vancomycin (nearly 50 mg/g of bioSiC) was

loaded.

When the loaded disks were immersed in 3 ml phos-

phate buffer pH 7.4 in order to simulate the release process

under body conditions, a rapid delivery occurred during the

first 2 h (Fig. 6) followed by a slower rate after. Figure 6

shows the profiles for the first hours (critical period after

surgery) but the antibiotic release slowly continues for

weeks. The total amounts released in the first 2 h are sig-

nificantly lower but proportional to the adsorbed vanco-

mycin estimated from the adsorption experiments.

Finally, the effectiveness of bioSiC disks loaded by

immersion in 42.5 mg/ml vancomycin solution to prevent

MRSA biofilm formation was tested in two model systems,

one (the MRD) in which the growth medium was contin-

uously replaced and another one (the MTP) in which

growth medium was not replaced. In the MRD, unloaded

control disks contained on, average 6.76 9 104 CFU/disk

while vancomycin-containing disks contained 4.57 9 104

CFU/disk (a reduction of 31.4%) (Fig. 7) but the difference

was not statistically significant. On the contrary, the anti-

biofilm effect in the MTP was much more pronounced and

statistically significant (t = 3.45; 5 and 7 df a\ 0.05),

with control disks containing 1.10 9 104 CFU/disk and the

vancomycin-containing disks only contained 5.50 9 102

CFU/disk (a reduction of 94.99%). Data indicate that

vancomycin is being released in both model systems.

Fig. 1 SEM micrographs (cross-section) of bioSiC ceramics produced from Sapelli wood. Three magnifications are shown: a (9100), b (9500)

and c (94,000)
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4 Discussion

As a hardwood, Sapelli wood microstructure includes three

types of pores: vessels which are large cells to transport

nutrients, and fibers and rays, which are smaller in diameter

cells used for strength and storage [23]. The vessels and

fibers are elongated and run in the axial (longitudinal)

direction of the tree. The rays are aligned perpendicularly

to the vessels and fibers, in the transverse direction [24].

The microstructure and the density of Sapelli wood are

particularly appealing for its use as scaffold molds, while

the mechanical properties of the wood can be remarkably

improved by a rapid and controlled mineralization. The

preparation of biomorphic wood-based SiC consisted in

the carbonization of the wood followed by gas phase

Fig. 2 Topographic

characteristics of a bioSiC

ceramic (longitudinal section)

by interferometric profilometry

(a) and confocal laser scanning

microscopy (b)

Fig. 3 Pore size distribution and percentage of porosity of bioSiC

derived from Sapelli wood

Fig. 4 Calcein-propidium

iodure staining observed by

confocal microscopy 24 h after

seeding on bioSiC samples.

Living cells in green and dead

cells in red
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infiltration of molten silicon [8]. The resulting structure is

expected to have a cellular structure of SiC with elongated

silicon channels.

4.1 BioSiC characterization

4.1.1 Morphological characterization

SEM micrographs of bioSiC (Fig. 1) evidenced the par-

ticular porous microstructure of the Sapelli tree, with the

characteristic groups of two and three macropores

(*80 lm), corresponding to vessels (A). The walls of the

vessels resisted the reactive molten silicon infiltration

resulting in a ceramic material with connected pores. At

higher magnifications (B), a second population of mesop-

ores (less than 10 lm) at the surface of the material can be

noticed, with the silicon carbide crystals making up the

structure both around the pores (B) and inside of them (C).

Thus, the particular structure of wood is maintained in the

bioSiC [8, 9], resulting in a complex organization with

macro and microporosity, both key characteristics for the

success of an implant material [1].

Details of the topography and interconnected porosity

were obtained by interferometric profilometry. The bioSiC

longitudinal section image (Fig. 2a) revealed the presence

of long channels over 1 mm completely open and details of

the original vascular system. Furthermore, additional

information of the topography was obtained by CLSM. The

autofluorescence image of bioSiC longitudinal section

(Fig. 2b) showed the porous character of the bio-ceramics

and the interconnection grade. The fluorescence is emitted

by the SiC crystals that constitute the material. Figures 1

and 2 illustrate that the hierarchically-structured vascular

system of the vegetal precursor was replicated in the final

bioinspired SiC ceramics.

4.1.2 Pore size distribution

To gain insight into the microporous structure, mercury

intrusion porosimetry was carried out (Fig. 3). The results

indicated a bimodal pore size distribution with macropores

(mean diameter 85 lm) and mesopores (mean diameter

3 lm). The total intrusion volume was 0.243 ± 0.005 ml/g

and a total porosity of 41.49 ± 0.05%.

Implant microstructure (volume and morphology of the

macro and mesopores) has been pointed out as the key

issue for the success of a material in surgery [1] as the

macroporosity controls the access of the tissues and bio-

logical fluids to the volume of the substitute and the

microporosity deals with the adhesion of the cells. More-

over, according to current literature, vascularization pene-

tration only occurs when the implant material possesses

pores greater than 5 lm and is maximal in pores of 60 lm

Fig. 5 Vancomycin adsorbed on bioSiC samples (mg/g) versus

vancomycin concentration at the equilibrium

Fig. 6 Vancomycin release from bioSiC samples at the different

conditions studied

Fig. 7 Log (number of CFU/disk) recovered in both biofilm model

systems from bioSiC disks loaded or not with vancomycin. Error bars
represent standard deviation
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[25]. The unidirectional macropores (80 lm, Fig. 1), the

presence of a smaller size pore population and their high

interconnectivity make the bioSiC from Sapelli potentially

able to osteoconduction. Open-pore geometries with highly

porous surface and microstructure enable the cell in-growth

and reorganization and should provide the necessary space

for neovascularization.

It is important to notice that processing variables during

bioSiC production may affect the interconnected micro-

structure of the wood template. Sapelli-based carbons

exhibit bimodal distributions derived from its fiber and

vessel pores in a range of 0.05–61 lm, which can be par-

tially modified through the infiltration process. In agree-

ment with previous findings due to the volume expansion

of *58% associated with the silicon carbide formation

reaction, pores smaller than 1 lm are eliminated [9]. Large

pores, on average, also decrease in size due to carbide

formation. However in some cases, the pore size distribu-

tion shifts towards larger sizes, which can be attributed to

the breakage of struts during the expansion reaction,

causing some pores to coalesce [9, 26]. These unions could

explain the macropores of 85 lm and mesopores of 3 lm

found in the pore size distribution of bioSiC from Sapelli.

4.1.3 Density and specific surface determination

The density of the bioSiC disks from Sapelli was

2.9 ± 0.2 g cm-3, which is much higher than the value for

pristine Sapelli wood (0.64 g cm-3). According to biblio-

graphic data [13, 27], the density values obtained for bio-

SiC are closer to that of the cortical bone (1.7–2.0 g cm-3)

than other materials currently used in orthopaedics as the

cobalt–chromium alloys (8.5 g cm-3) or titanium alloys

(4.4 g cm-3). The Sapelli-based bioSiC specific surface

was estimated to be 1.198 ± 0.005 m2 g-1, which is sim-

ilar to that of commercial bone substitute materials, such as

Interpore200� hydroxyapatite (2.64 m2 g-1), Endobone�

hydroxyapatite (0.7 m2 g-1) or PerioGlass� (bioglass, 0.6

m2 g-1) [28].

4.2 Cell viability test

The double staining showed that, after 24 h in contact, the

cells adhere and grow on the bioSiC surface around

the macropores (Fig. 4). The increased fluorescence at the

pores edges suggests that cells have colonized the inner

surface of the pores. A homogeneously distributed layer of

living cells (green) and a significantly smaller amount of

dead cells (red) on the top of the bioSiC disks can be

observed. The ratio between living and dead cells was used

to calculate the viability of cells on the disk. The obtained

values were 79.9% (sd 13.1) on bioSiC disks, 98.0% (sd

1.9) on the TCP from the wells and 86.2% (sd 15.3) for the

control group. This indicates a good survival of cells on the

bioSiC material [29, 30].

4.3 Vancomycin loading

Vacuum was applied to promote the penetration of the drug

loading solution into the small pores of bioSiC. Vacuum

should remove the air from smaller pores and force the

entrance of water along the micropore channels. Adsorp-

tion isotherm of vancomycin on bioSiC material enabled to

relate the concentration of the solute on the adsorbent (mg

vancomycin per gram of dried material) to the concentra-

tion of the solute in the surrounding solution at the equi-

librium (Fig. 5). A Class S adsorption curve was obtained

[22]. This means that, as vancomycin at the outer solution

increases, a monolayer of drug molecules is firstly adsor-

bed on the material and then successive layers of vanco-

mycin can be piled up. This behavior is characteristic of the

existence of nonspecific interactions between solute mol-

ecules and the adsorbent interface. If the loading were only

driven by the equilibration of the drug concentration

between the outer solution and the inner aqueous phase of

the disks, those disks immersed in 6 mg/ml drug solution

could load up to 1.46 mg/g. However, the loading of those

disks was nearly 50 mg/g, which confirms the relevance of

the adsorption mechanism. The patterning of hydrophobic

(e.g. carbon) and hydrophilic (e.g. silicon) regions in the

surface of a material, as in the case of SiC, has been pre-

viously shown to be favorable for adsorption of DNA and

proteins [31]. This may be the case of vancomycin too.

One gram of drug-loaded (50 mg/g) bioSiC immersed in

1 l of medium may provide enough drug to exceed the

minimum inhibitory concentration 90% (MIC90) of van-

comycin against MRSA (0.25–2 lg/ml [32]).

4.4 Vancomycin release

Drug-loaded disks were immersed in 3 ml phosphate buffer

pH 7.4 and no vacuum was applied in order to simulate the

release process under physiological conditions. A rapid

delivery occurred during the first 2 h, after which the

release rate dramatically decreased. In Fig. 6 the profiles

for the first hours (critical period after surgery) are shown,

but the slow antibiotic release continues for weeks. The

total amounts released in the first 2 h are significantly lower

but proportional to the adsorbed vancomycin. Since the

experiments were carried out under sink conditions, this

fact may be explained by the difficulty of the medium to

access the smaller pores under atmospheric pressure. Thus,

the delivery should start from greater pores, acting the

small ones as reservoirs for the long term release. The

amount of water that penetrates into the disks when no

vacuum is applied was measured using a Gay-Lussac
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pycnometer. Five minutes after immersion 0.023 ml of

water per gram penetrated into the disks. Two hours later

the volume of water increased to 0.042 ml, which is less

than a quarter of the volume obtained by mercury porosi-

metry. After 2 h, a progressive but minor increase in the

water uptake occurred with time. The initially rapid

entrance of water followed by a slower uptake explains the

pattern of the vancomycin release profiles.

4.5 Inhibition of MRSA biofilm formation

The effectiveness of bioSiC disks loaded by immersion in

42.5 mg/ml vancomycin solution to prevent MRSA biofilm

formation was tested in two model systems (Fig. 7), one

(the MRD) in which the growth medium was continuously

replaced and another one (the MTP) in which growth

medium was not replaced. In the MRD, unloaded control

disks contained on average 6.72 9 104 CFU/disk while

vancomycin-loaded disks contained 4.61 9 104 CFU/disk,

which represents a reduction of 31.4% but not statistically

significant. The anti-biofilm effect in the MTP was much

more pronounced and statistically significant, meaning a

reduction of 92.2%. The more-pronounced anti-biofilm

effect in the MTP can be explained by the gradual accu-

mulation of vancomycin over time, while vancomycin is

continuously washed away in the MRD model system.

5 Conclusions

BioSiC from Sapelli has a bimodal pore size structure

(3 and 85 lm modes) with a total porosity of 41.49% and a

density similar to that of the bone. The specific surface area

also resembles that of other commercial bone substitutes

and enables high vancomycin loading. The combination of

different pore sizes enables cell conductive properties and

leads to a peculiar drug release pattern with an initially fast

delivery (during the critical period for preventing surface

colonization) followed by a slower release rate period. The

effectiveness of vancomycin-loaded bioSiC against

microbial infections was confirmed both under static and

dynamic conditions, being able to reduce MRSA biofilm

formation. These findings point out bioSiC as a promis-

ing biomimetic ceramic from arboreal origin for bone

replacement.
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